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[Tables end figures are appended.. /

In autunn 1946, at Pamir, at an aititude of 3 ,8€0 meters above sea-level, the
penetrating power of particles in ctmapheric shovers of cosmic rays and the nature
of theae particles were studied with counters.

Apparatus

All experiments used self-qusuchiig counbere f1iled with 85 percent argon 2nd
15 percert propylene with a tocal pressure of 100 millimeters of mercury. A gaseous
hydrovarton ves employed as the polyatomic admixture insteed of 2lcohol vapor. Utsceuse
of favorable mxperience cained in using this type of counter dwring the 1945 expedl-
tion, when one of the awvhors of owr article (G. 1. Zatsenin) filled the counters
vith a mixture of argon and ethylens. Those counters containiog a geseous hylro-
carbon (bat ot methane) ue the pclyatomic admixture possessed ercedlent cheracteristics:
in particvlar, thoy hed partically no temperature coefficient and could work during
heavy frosts. Omdinsiy Txost counters break down aven at ismpoeratures not far
- Wbove zorc, vwhich mekes them unsatisfactory under field con8itions. The counters
were made of glags 2 millimeters thick. The silver-plated immer surface of the
glape acted as a cathode. The effective cross section of each counter equeléd 230
square centimeters; the diameter vas € centimeters.

Coincidences of pulses from various groups of counters were recorded by a
mltichennel amplifier, by means of wvhich it was possible to measurs simultaneously
the coincidoncwa of two different multiglee up to sixfold coircidencos. The »emolving
time of the amplifier wes -r =z2.6 * 1070 se.ond.
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Extengive Showers

In the firat series of experiments, coincidences from three groups of counters,
arranged in & horiszontel plane in the shepe of & triengle covered on a&ll aides with
lead, isclated a panetrating shower. IFach group consisted of two counters in
parallel. The distance between the counter groups wes 1.6 meters. The number of
coincilences wes rocorded for various thickresses of the lsad layer over the counters.
The date obtained is tabulated 1u Tabls i. A may bs seen from the graph it Figurs 1
(curve 03), the number of coincidences decre.ses epproximately sxponentially with
thickness of the lead, &nd the absorption coefficient, for lead thizknessss oxcesding
12 centimeters, drops somewhat.

PFztensive "penmeoiryating” showers have teen recorded under 12 centimeters of leed
by many atthors [i, _2_/; 1t wap gensrally sssumed that masson showers were being
recoried. Such an assumption hardly conforms with our absorption curve.

To enswer conclusively the question of whether the perticles of auch atwmospheric
showsrs are mesons or light-wéight shower-producing perticles of high ersrgies, we
studied tre snergy lossss during the pacasge of perticles through en absorbter. For
this purpcse, we placed still another layer of aluminum, 10.5 centimeters thick, : :
above the 12-centimeter lead layer on top of sach counter. During fonizetion losses, S
this layer wes the squivalent of 4 centimstsrs of leed; but during radiation losses o
by light particles it wap eguivalent to only 6 millimeters of laed. The experiment
ghowsd that absorption by aluminwm corrssporded, within the limits of experimental
error, te absorpiion by 6 millimotsra of lead; in other worde, ‘these ehover partisles
zustained chiefly radiation lossey. Thus et 4 kilometers, during the recording of
extonaive dense showers that penetrate 12 centimeters of lead (in & system of
triple coincidences thers is little probabili*y of recoriing lcw-density #howers),
we ware not dealing with m==cn showara, but with showare of an electron-photon ~
charattor.

1t ig difficult to reconciie the grea® nuiibsr of slectron-photon showers
reconled unisr 12 centimetera of iead with the data of the cascede thsory. In the
tirst plece, the average suergy roguired dy an electron to pass through 12 centi-
metors of lead is uf the order of magnitude 2 - 1010 V. That pert of the particlies
in a shower having energies higher than those ghown 18 wary eme’l and cennot explain
the nimbor of shovers observed. In the second place, the streams of particles of
such enorXy must be smaller in dimension than the experimental apparatus iteelf;
therefore, the probability thet the epparutus will record such showers is greatly
imitaed,

But the cascade theory, which uses maximum values for the ebsorption coefficient
of photuns, 615 applicible only foir 1ight elemants. In lead, however, puotons of
energiea 10° to 10° &V have a reduced absorption coefficient.

8. Z. Belen'kiy's mathod [_ﬂ of saiculating the deperndisnce of the absorption
coefficient of photons upun their energies was used to show that the penetratinrg
pover of shower-producing particles in lead was consideradly kigher than generally '
apeumed. The onergy required by an electron to pasa Yhrough 12 centimetsrs c.' lead
is reduced to approximately one f£ifth. This usans that the cbseerved cdavrpiion
factor of showers, up to 12 cent)meters of leed, agrees with the cascede theory in
the essumption of an effective energy spectrum of shower particles cf the form -1
But the difficqlty in regard to the extent of particle stressms of such energy is
not eliminatad,

Thus the results of sxperiments odwiously attest the irvalidity of the cascade

theory when applied to sizes such as that of an Auger shower. This evldently also
confirms the results of another expedition ﬁ&] of ours.
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Soms observed diminution in the sbsorption factor in e 16-to 18-centimeter
lead Pield does not eesily agres with the aseumption of a purely electron- :
photon composition for a shower. The penetrating: perticles ars evidently en : L
-important factor in this region of the absorption curve; tue exiatence of these
particles in Augor showera ia abundantly conf irmed 5 -'8/.

T4 should be noisd that Cocconi, Loverdo anmi Tonglorgi's results [T 1
aimilar etudies of Augsr showars at 2,200 meters differ pomevhat from ours, since
accoriing to their data aebsorption was not observed vhen measursments were male
wits lesd 16 to 2I centimeters thick. 3But the difference in the resulls obtained
may be explained by the difference in the altitules of obmervation. Since the
onergy of showasr-prodwding perticles diminishes rapidly with an incremse in
atmospheric depth, the enorgy spectrum of shower particles becomes sherply
weakar. Consequently, If the showsts In the presence of lsad thicknesses cozr-

eaponding Lo the dimini~uing section of the absorption curve are thoughiof as

Tecording high-snergy elsctrona and photons, than this gection ghould Lscome o :
mush steeper with derreasing altituls and, et an altitude of 2,200 meters, the Lo PR .
eslectyon-~-photon part of the ashower under 16 centimeters of lerd should practically ' RUTEVEHEY
not register st all, vhereas at 3,800 meters it may still play a domlnent rols.

The extremsly sharp Eigh track of oxtensive showers confirms Jhie data

To eatimite the density of a ghower in ajr when recorded by counters :
arrvanged under lead, the percentaege corrslation of coincidence was messured from -
thres groups of counters scresned by lead 12 centimetera thick, with pulses from
a fourtl group of sountera without screens. When the erea of unscreensd counters
egualled the area of countera under lead, the psrcentage correlation of coincidence
was (90 + 5); when the area was one eighth, the correlation was reducel to only
70 percont. This was confirmation of the great density of tre accoupa.J0g shower
(the eversge deunsity vas ahout eight times greater than that of a shower isolated
by triple coincidences from unscreened counters).

Influence of the Effects of Particle 3cettering Upon Cbaservetions

Interosting data on the infiuense of scatioring upon the recording of showers
wus cbtainsd. Triple coincidences were recdrded.

An over-layer of lead was placad on each of three groups with a single counter,
as shown in Figure 2a. The number of coincidences was measured for two cesen: (1)
the counters were screeced with lsad on th top znd aides. but not at the bottom;
ad (2) the counters were scresned with lesd on ell sides. It was found that in
the geconl case the number of coincidendes otrerved wes 30 percent less than in the
£ipai case. Simils» resnlte wers obtained when lead wes pleced over each group with
two counters (Figuru 2b). The incrmase in coincidences with load undarneath in
this case Troved, as was to be expected, to be lese appreciable; t» be exuct, gbout
15 parcent. The resn'in of thes¢ experiments are evidently the conssquence of
reversh gcattering in the lowexr lead interiining and of paiticles escaping the
counters !n their treck frou top to bottom. Thus, placing lead underneath produces
an incresss in *he effective arem of the counters, end this effect is depvndent
upon the configuration of the screening (Figure 2, & and b). Such great influence
from reverse scattering is in good sgreemen’ with ths concluaion’ ¢hat & nuvge
majority of the showers recorded by our apparatus are made up of electron-thoton
showers.

However, it was found necessary to screen counters underneath. Without under-
neath screening, certain showere were recorded, in which the particles d1d not
pase through the lead layer, but hit the counter, esceping the iead eni scattering
in the ground (Figure 3). This effect of pseudo-recording of "penetreting" showera
ig observable with great thicknesses of leoad, when the real effect from ghowers
penetrating Yhe lead is actually smell. A correspording experiment wag made with
e leai layer 20 centimeters tnick placcd Sver tha counters. In this case, when
the counters were not screened underneath, the number of recorded shovers equaled
0.84 0.15 per hour, but in screening with 6 cantimeters of lead the number registered

dropped to o4 t0.15 per bour.
- 3 -
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Study of low-Density Showers

The following reasurements were made by an apparatvs in which the pasaage
of ali but two Cp particlss could bs recordsd. Apparatus of this type records
low-density showers with s greater degree of probability than a system of triple
coipsidences. If the particles entering into the composition of low-density
showers sare sssumed to be o7 another nature, then the ebsorvtion curve obteined
by ruch apperatus shovld iitfer from' the absorpiion curve described ebove.

Since in recording double coincidences & congiderable mmber of them are
incidental, we measursd the mumber of coincidences between two "wida-angle"
telescopes (Figure 4). With reference to recording showers, such a system is
‘to some dégrese merely the equivalent of two eounters. The results of mesasure-
ments on the ebsorption of shower particles in lead, made by the spparatus
represeunted in Figure 4, are given in Tabls 2 and in Figure 1 (curve €, }. The
data presented 1g corrected for a mmber of chance colnscidences, amoun%ing to L
0.3 par hour for grest thicknesses of the lezd. o

For lead up to 12 centimeters thick, the slope of curvee Cp and 03 are
fourd to bs wniform. Accldentelly, @ven the absolhte values C, end Cy elmost
coincide. But starting from 12 cent.meters, the siope of curve €32 su&denly
diminishes and corrssporde to & very amsll aheorption factor up do 3C centi-
metors of leed (Figure 1, curve Caj. Plecing & 2-centimeter-thick lesd filter
hotwesn the counters in both telescepes with a 20- and 30-centimster-thick upper
layer of lead did nct give eny considerable additional sbeorption beyoné the ‘
1imits of experimental. error (25 percent). All this testifies to the fact that
the epparatus recoxded penstrating perticles of atmospheris gie r3 when the layer
of lead was very thilck.

The ratio CQ,/C depends on ths density distribution of the streams of shower
particles recorded gy the apparatus. This ratio increases for sharper drops 1o
the number of showers in the function of deneity. Tne increase in the ratio 02/'03
for greet trhicknesees of lead, when the penetratirg perticles ere recorded by the '
C, apparatus, tells ts that the density dlstribdution of meson streems in showsrs

19rfers from the density distridution of elsctrons.

An experiment was also cer?ied out cn the coincidsnce cerreistion of tele-
gcopez covered with 20 centimeters of lead with three groups of countera not
covered with lead, with an effective area four times greater ihan the c¢ounters
in the telescopes ani 3.5 meters distant fror them. Correlations were ohservel
in 40O percent of the cases, which indicates that mesons generally form & part of
low-density showerc. ,

The experiments descrived dc not clearly ssttle the problem of purely meson
oxtensive showers. If + a recomled showers composed of mesons form a part of
Auger “showers, they should have a more extensive spatial distribution than
electyous.

The absorp*ion curves Cy and C5 may, hovever, differ becruse of other causes.
A distance of 1.5 meters detween to}eaaopos cannot, a prieri, be consiterei euf-
ficlent to rully exclude the influsnce of nasrrow showers, wvhich are not recorded
by a C3 apparstus in view of their low-density: also, they do not show any correla-
tion with largs-ares counters that are a considerable distence away (3.5 maters).
If only a part of the showsrs showing a correlation with counters at a distance

of 3.5 meters is mssumed to be related to extenslve shcwers, then the point of

the curve Cp for lead 20 centimeters thick will coincide with the corresponding
point of 03., In such an event the argumente brought forward in regerd to the
spatinl 4i5tribution of mesons would be invalid, as the diffisrence betvsen the
curvss 03. and C, would be the result of the interfereuce of nerrow 3howers.

Sk -
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Fffecta of Digtance on Varilous Apparatus

Work with this apperatus revealod In greatar detsil the influence of the
pseulo-recording of "penetrsting” showers in tne abeence of lesd screening under
ths countera. Thu numher of coincidences Wetwmen counters 1 and 3, and alsc ™
betwsen 2 and & (Figure 4) with 8 20-centimetor lead lsyer on top, were meesured
for two ceoes: (1) when the eystem was not scrsened underneath, and (2) when
the system was screensd underneath with 6 centirstsrs of lesd. The wpper counters
(1 sed 3) registered more coincidences {4.311.7) per asur without the lead layer
underneath than with. The lower part of coumters 2 and 4 when plecel on the

- growrd recordsd even mors such pseudo-"penetrating" showers, namely, 7.2%2.5 per
bour (with the number of true coincidences produced by venetrating showers equal
to about two tc thyee par hour). .

In recording fowrfold :oincidsnses (i, 2 - 3, &), namely, coiné¢ldences
batween telescopos, this effect proved to be considerably lesa, i.e., the numbsr
of recorded showers for no lead wnderneath was increased by only 0.321 0.30 per
hour {the number of recordied true penstrating showers being about ons per hour.

Thoge experiments indicate that scattering from the ground, with no screening
underneath, becomes larger the less the mumber of multiples of ¢oincidences from
counterys screeredl with leed, The number of such perasitic readinga in colncidence
recordings fr~1 three asperately lesd-screcnéd groups of counters amounted in our
experiments to about 0.4 percent of the showsrs recorded without lesd: during
double coincidences it is about 2.5 percent. With screening for only one counter,
this parasitic effect should be a large factor.

Nexrow Showers

The penetrating power of narrow showers was studied with the appsratus shown
in Figure 5. The distance between the ayes of the telescopes was 6 centimsters.
In making these measuremants the counter syetem wes not screened underneath. In
acoordance with the experiments described ebove, when +he distance between the
telescupes wus 1.6 meters, this brought about ean increase of 0.32:£0.30 per hour
in the number~of coincidences. Assuming thet the megnitude of this effect remains
as defers. with a given counter configuracion we can introduce this megritude intn
the givem reasurements to correst them. The results correctsd for the mmber 3¢
cases of coincidences and the number of showers scattered Irom the ground sro
given in the first line of Teble 3. If the number of coincidences produced by
particlos of extensive showers is asswmed not to very with chenge in distance from
1.6 to 0.36 meter, then the mumbers correspomding only to narrov showere can be
obtained by subtracting *he corresponding deca of Tenlie 2 from the data 1 the
first line of Table 3. The differences obtained are given in the second line of
Table 3 and the absorption smrve of particles of nerrow showers corresponding to
ther are giver in Figwre 1 (curve Co parrow). In the disteance from O to 4 centi-
ueters the curve is representsd by dots, since thers is obviously e transitional
effect in this interval.

The absorption curve atiests the presence of two forms of particles composing
narrov showers. A considerable part of thy coincidences observed in an ungcreensd
system 38 produced by soft pertisles almost fully absorbed in up to 12 centimeters
of lead, end the course of the absorption curves, up to 8 centimeters of lead, s
similay for narrow and extensive showers. It is @ifficult to explain such e fom
of an absorp%ion curve by the ass mption thet soft particles ere low-energy mes»ne.

In the interval between 12 ani 30 centimeters of lead the number of coincidences
withincthe limits of statistical error does not vary. This fact indicates the
extremely penetrating character of the perticles responsible for these coincidences.
Despite the absence of effective absorptive sbsorption during grest varistions in
the lead thickness over the telescopes, placing & lesd lining 2 centimeters thick
between the upper and lower counters of both telescopes reduces the number of
coincidenses by 30 percent (Tabie 3). Heucs, it follows that urder great thick-
naspes of lead the recorde mede in avery case are not only of the primery extsnsively
ponetrating pariicles, but also of the secordary particles alreedy prdoluced in the
lesd.
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Simmultanecusly with the measurement of coincldences Vetween theé telsacopes,

: recordings were made of the coincldences batween pairs of counters 1 end 3. At
\ . & distence of 1.6 meters between telsacopes, the ratio between the number of
coincidences at counters i - 3 and 1, 2 - 2, b was maintained aimcet uwnchenged
during a variation in leed thickness and wes eqeal to 2.5. For narrow showers,
however, the irdicated ratio was also ¢lose to the same magnitude when there
was no leal over the counters and when the layer was 4 centimeters thick, But
gtarting frem 8 centimeters of lead, it incrsased sharply. A pomsible fector
hore may be ths lsolated mesons of the hard component, mo7ing at a gmall angke
to the horizontel. EHowever, our caloulation of tha number of horizontel mesona
ghowsd that the incresse in the ratio Cp(l - 3)/04(1, 2 - 3, 4) cannot bo
oxplained by the reglatration of isolatdd horigzontel particles. We preperod
this caleulation on the besis of owr 1945 measurements at tho same altltule.
A horizontal telescope composad of thres counters 7 x ho sguare ceatimeters in
size bad two lead linings 7 centimeters thick snd wea covered on top by 8 centi-
meters of lssd. The distance betwsen ths axes of the outer: counters was 32 senti-
meters. Moreover, the number of triple colncidences unaccompenied by a shower
in the eir wes 28 per hour. If this whole mmber 1s relsted to the figure for
horlzontsl wesons and is subtracted, in the seme mennsxr as the chence (nine per
hout) coincidences, from the total number of coincidsnces (1 - 3), then the ratio
of focuble ton fowrfold coincidences will remsin double that obtained without a lead
layer.

If primary shower particles coming from the air ere assumsd. to be directly
wecorded urder a lexd layer, then in order to explsin this effect it ig neceasary. .
to apeume that with greater lead thicknessss narrow showors are recorded with a
aifferent (mors iiffuse) angular distribution than the narrow showers recordsd
without lead, which is extrsmely unlikely. It is more natural to mssume, in
accordence with the effett of powerful absorption in the lining, that the secomdary
apd not the primary particles are generally recordad under lesd. Then the great
difference belwesen the number of coincldences 1 - 3 ard 1, 2 - 3, L cen be explaired
by the large angles of deviation of the seconiary particles prodaced 1In the lead.

Since a ccnsiderable pert of the <coincldences under great lead thicknesses
are obviously caused by secondary perticles, 1t 1s difficult to agsert that all
coincidences observed are cauged by perticles of narrow atmospheric shovers.
According to Dandin‘s deta [10/, an eseential fac*or in the effect observed
can be assumsd to be played by very penetrating iaolated partisles exploding in
jead by means of geconiary particles, whick are already of lesser peneirating
power and vhich fall simulteneously on the counters of Loth telescopee. Such a
mechanism would automatically exrplein both the sharp difference in the number of
double apd fourfold coincidences and the effect of absorption in the linings.

However, the total results obtained on narrow penstrating showers obviously
indicate that part of the efiect observed under lead, eapscinlly by the two-telsscope
methcde of observation, is caused b; comploiely true a:mospheric showers end 18 not
wholly linked with explosion procusses generated by isolated particles in the
leed. Murthermore, penetrating particles prodused in the leed by the gansxation
of secondary perticles muet Form part of nerrow showexs.

The formation of sezondary rarticles obaerved under lesd, registering es
narrowv showera, would expleain one interesting offect described in an erticle by
A, I. Alikhongen, T. L. Asetisni, end G. Muskhelishvillt /11/. These anthore
isolated the penetrating ehowers by & system of two counters placed separetely
under 12 centimeters of lead and 25 centimeters apart. By the eid of small coumters
comnected with neon tubes, it wes shown that in recording e shower under leed &

vory great number of perticles were cbserved. y
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It follows from our expe:iments that, with such a &istridution of
countera, & bamslc role is played by narrov showers (about 90 percent). A
great sumber of tudee flashing simultaneously indicates that secondery

. particles are formed !n considereble numbers, but not by any means emounting
to the very great density (1,000 perticles per square meter) of an extensive
penetratirg showsr. The sbsente of an apprecieble rnumber ¢f extensive high-
density showers composed of penetrating perticles fcllowe quite &efinitely from
the esxperiments alread; described.

FREATiAL

It 1s d1fficult to drav from our experiments any definite conclusion about
the naturs of the soft particles of nsrrow atmospheric showers, which obviously
songtitute the basic mams ~° particles of such showers. Jowsver, it sesms to
us that 1t 18 very difficult to make tke form of the absoxrption curve up to
centimeters of leed agree with the meson hypothesis of narrow stmospheric showsrs.
In that cage, tho mesons congtituting the narrow showers would have to have &
vexy etronge form of endrgy spectrum. COn the one  hand, thers should not be
any mesone with a renge less than 4 centimsters of leed; on the other, almost
21l mesons shonid be absorbed by an & centimeter leed layer. Thus, thelr energy
shenld be containsd within a narrow interval lying close to 10 eV, l.e. close
4o thelr rest energy (mce), and bence the angulasr diatridution of their depirturs
during generatlion ghould be dirscted only tc a slight extent. ]

8ince the showers eve recorded as narrow, this mssne that the generation
prccess originates close to the apparatus. It is extremely difficult to meke the .
latier fast egroe with a possible effective cross section of generation-and with
+the possidle etream of _a generating component. Therefore, tie meson hypothesia
for narrov showers [127 , in regard to the aof%t component, is in our opinion
extremely imppobedle. Further sxperimsnts are necesssvy to ascertain the nature
of theaa narticles. Ooservations made with grent. thicknessea of laed 1likewiae
do not revesl the mechenism of the obasarved generation and the cherabter cf
seconiery perticles. The gensration of sbowers in lead, studied by Veksler,
Kuruogova, and Lyubdimov [lﬂ , and the formation of secordery particles noted by
us cen be esswned to heve a gimilar charecter.

Conclusiong

1. The extensive dense atmospheric showers which are observed in considerahle
aumbers and which penstrate 12 centimoters of leed at an altiude of the order of
3 4o 4 kilometers above ses lavel are the high-energy electron-pholon component
of Auger showers end exre not meson showers. Further reseesrch ig necessary to
oxplain the neture of particles of extensive showers cobserved under greater thick-
neg3es of lead.

2. Two differunt types of particles form paert of the narrow showers, nemely:

a. Soft particies that are almost complately mbsorbed in lesd aboat. 10
centimeters thick, which obviously cennot be identified with megons end which
constitute the besic mass of partisles of narrow showers.

b. Penstrating paiticlos whose character is difficult to esteblish, since
the epparatuc generally used to record nerrow showers records for the most part
not the primary farticles of nerrowv atmospheric showera, but the secondary perticles
already deveioped in the lead.

The authors express their thenks to Acedemic.an D. V. Ckobei'tsyn and Professor
V. I. Veksler for their valuable advice in work end discussions, to Doctor S. Z.
Bslen'kly for mmeious consultations, and to V. A. Khvoles for developing the
mlti-channel amplifier system of high resolving power with efficlant tubes.
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Table 1
12 cm lead
Thickneus of rlug 1C.5
lesd {in cm) 0 Iy 8* 12 16% 20  em aluminum

Coincidences + + +
por Lx g*z T1t3.s *3.5%0.3 3.5t0,3 1.1720.2 0.4420.15 2.54=0.2

NOTE: Data in the case of lsad thicknesses merked with en asterisk wes obtained
without soresning the counters undernmeath the lead. Data reviged on the baois of
controlled experimente is set forth in ihe table.

Table 2

Thicknees of
leaz {in cm) 0 13 8 12 16 20 36

Coincidences , - et
per hr 116%,10.5 65#3.5 13.9%1.3 3.0k0.3 1.65%0.3 i.1720.25. 0.85%0.3

Tadle 3
20 em
Thicknees of plus 2 cm
lead (in cm) 0 L 8 12 16 20 30 1lining
Cowpcidences 175811 11818 27.Mt2.8 15.4%1Lh 1z2.4f1.2 13.401.3 12.2%1.4 9.26%.88
per hr
Coincidences )
per br 59115 53%0 3.3$3.0 11.5H.5 10.841.4 12.241.5 A11.1d1.3 8.1h.0
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